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Abstract

:

It has been observed that when the multi-frequency Raman scattering process is pumped by two frequency chirped pulses in the transient regime, the anti-Stokes orders are spectrally broadened on the lower-frequency side, causing each of the orders to have a broader spectrum with double-peak pattern. In this article, we employ frequency-resolved optical gating to study the spectral shift of the first anti-Stokes Raman order. A double-pulse model is introduced to determine the electric field of the anti-Stokes orders from the experimental FROG spectrogram. With the help from the double-pulse model, we demonstrate that the double-peaked spectrum comes from linear Raman scattering between manifolds in the two-photon dressed states.
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1. Introduction


Multi-frequency Raman generation (MRG), a promising nonlinear optical technique for generating high-energy ultra-short pulses, produces a broad spectrum with discrete Raman spectral orders [1]. The coherence between different Raman orders makes it possible to generate ultra-short pulses [2]. Many MRG research efforts are dedicated to the generation of more Raman orders and the attainment of shorter laser pulses through the coherent combination of these orders. Sokolov et al. observed that the efficiency of MRG is enhanced with red-detuned pumps and attributed this effect to the Stark shifting of energy levels [3]. By phasing seven Raman orders with a prism dispersion line and liquid crystal phase modulator, Shverdin and colleagues obtained pulses with a duration of 1.6 fs [4]. Yoshii et al. generated a nearly Fourier transform limited pulse with duration of 1.78 fs by simply inserting plates with different thicknesses on the optical axis [5], and they reported that pulses as short as 728 attoseconds could be achieved by combining the Raman orders [6]. The high-energy ultra-short pulses would find applications in nonlinear optical experiments in molecular dynamics. Our group has been investigating MRG in the transient regime, where the pump pulse duration is similar to the dephasing time of the Raman material. In transient MRG experiments, the pumps are linearly chirped to either reduce nonlinear effects such as self-phase modulation [7,8] or to have the ability to easily change the instantaneous frequency separation of the pumps by varying the time delay [9,10].



During our previous MRG experiments, we noticed that the individual Raman orders become double-peaked when the instantaneous frequency separation of the pump and Stokes is red-detuned from resonance. We noted that the shoulders increased and broadened nonlinearly with increased laser intensity. The secondary peaks appeared only on the red side of the Raman peaks. This phenomenon can also be seen in other groups’ experiments with hydrogen [8], diamond [11], and PbWO4 crystal [12], but no further discussions were made by the authors. Bahari et al. successfully synthesized nearly single-cycle sub-5 femtosecond pulses by using Raman sidebands [13]. To date, single-femtosecond pulses have not been generated in the transient regime, where the emergence of a red-shifted spectrum has significantly complicated the spectral characteristics of individual orders, posing challenges for pulse synthesis. This is particularly evident when the detuning is set to have the maximum number of orders that if perfectly compressed would give the shortest pulse duration. Our primary interest lies in understanding the red-shifted spectrum, with a particular focus on unraveling the associated phases. This knowledge may help us in improving pulse compression. Additionally, the broadened bandwidth of individual orders offers the potential to enhance the energy of the central ultra-short pulse. We have investigated these red-shifted spectra under different instantaneous frequency separations and input energies. The results showed that the red-shifted spectrum is not a result of four-wave mixing but could be the result of a two-photon dressed-state Rabi frequency shift [10].



To further determine if the anti-Stokes orders comprise a Raman pulse and a second pulse resulting from Raman scattering between two-photon Rabi frequency-shifted states, we have now applied standard second harmonic frequency-resolved optical gating (FROG) [14] to determine the electric field of the broadened first anti-Stokes Raman order. We found out that the reconstructed electric field from the second harmonic FROG was too complicated to provide a good understanding of our red-shifted phenomenon. We expect that this complicated structure comes from the broadened order and it is a result of two pulses overlapping both spectrally and temporally. We have therefore analyzed the measured spectrograms using a double-pulse model. One pulse is modeled as the expected linearly chirped Raman pulse given by the pump pulse with a Raman frequency shift and the other pulse is modeled as coming from Raman transitions between the Rabi frequency-shifted states. The resulting modeled spectrogram of the double pulses is compared to the measured spectrogram and the model is iterated to minimize the error between the two spectrograms. Using this technique, we were able to resolve the red-shifted pulse from the expected Raman pulse under different experimental conditions such as varying the pump pulse energies or varying the time delay between the two pump pulses and so tuning through the Raman transition resonance. In this paper, we show that the resulting numerical double pulses derived from time-varying two-photon Rabi frequency shifts match the experimental results.




2. Experimental Setup


Figure 1 shows the schematic of our experimental setup. Two pump beams with spectra centered at 786 nm and 837 nm are generated from the dual-wavelength Ti:sapphire laser system [15]. The frequency difference between the two pump beams is chosen as 23.25 THz to resonate with the vibrational Raman frequency of sulfur hexafluoride (SF6). The two beams, each with spectral bandwidth of ~3 nm, are sent to the triple-grating compressor, where they are independently compressed. The time delay between the two pump beam pulses can be varied by translating the back mirror, M7. To reduce the effect of SPM, the grating compressors are set to have the two pump beams positively chirped with pulse duration of ~1 ps. A half-wave plate and a polarizer are placed before the hollow fiber containing the SF6 to adjust the total energy for the experiment and redirect part of the beam into a cross-FROG setup for electric field measurement.



To ensure the uniformity of chirps in two pump pulses, we conducted second harmonic FROG measurements. In our experiment, we employed cross-FROG spectroscopy to investigate the first anti-Stokes order. In this context, cross-FROG serves as a valuable tool for simplifying the spectrogram analysis. It accomplishes this by utilizing the Stokes pulse as a reference. This reduction in unknown variables in the spectrogram greatly enhances our ability to extract essential information from the double-peaked first anti-Stokes order. For all the FROG calculations in this paper, the traces are 128 × 128 pixels.



Two sets of measurements of the electric field of the first anti-Stokes order were carried out. The first set varied the energy, leaving the time delay constant, and the second set varied the time delay with the energy constant. For the first data set, the FROG reconstruction measured the pump pulse duration to be 900 fs FWHM, with a chirp rate of 1.6T Hz/ps. The Stokes pulse had a duration of 830 fs FWHM and a chirp rate of 1.5 THz/ps. The two pump pulses had a time delay of 333 fs, with the higher frequency pump pulse leading the lower frequency Stokes pulse. With this delay, the instantaneous frequency separation was red-shifted by ~0.5 THz. At this red-shift, the maximum number of Raman orders was observed as well as the maximum red-shifting of the second peak observed in each order. The total energy of both pumps varied from 2.2 mJ to 1.7 mJ and to 1.2 mJ of average energy. The energy is equally split between the two pump pulses. For the second set of measurements, the pump duration was 780 fs with a chirp of 1.2 THz/ps and the Stokes was 830 fs with a chirp rate of 1.2 THz/ps. The energy was left at the maximum, which was ~2.2 mJ and the time delay was varied to have increased red-detuning from 0 to +666 fs in increments of 333 fs.




3. Numerical Modeling of Double-Pulse Anti-Stokes Order


The theory describing MRG by A.P. Hickman et al. is based on a multi-wave approach where all the Raman orders are mutually coupled together in the process [16]. The Raman orders including the two pumps form a set of frequency components     ω   j   =   ω   0   + j   ω   R    , where     ω   0     is the pump frequency and     ω   R     is the Raman frequency. The resonant Raman process is described by the interaction of the fields using the two-photon Bloch equations [16,17], and the authors obtained the following equations describing a generalized Rabi frequency    Ω ′   :


     Ω ′    2   =   Ω   2   +   Δ   2   ,  



(1)




with on-resonance Rabi frequency   Ω   and total detuning   Δ   given by:


  Ω   e   i θ   =     α   12     2 ℏ     ∑  j      V   j     V   j − 1   ∗     ,  



(2)






  Δ =   ∂ θ   ∂ t   +   2 π     α   22   −   α   11     I   ℏ c   + δ ω ,  



(3)






  I =   c   8 π     ∑  j      V   j     V   j   ∗     ,  



(4)




where the     V   j     are the amplitudes of the j-th Raman order,     V   j   ∗     is the complex conjugate of     V   j    ,     α   i j     are the transition moments, I is the total intensity of all orders, and   δ ω   is the detuning between the frequency separation of the pumps and the Raman frequency. As can be seen from Equation (3), the detuning   Δ   is determined by three terms, the Raman frequency detuning   δ ω  , the time derivative of the Rabi phase   θ  , and the two-photon Stark shift due to the coupling of the polarizabilities,     α   22   ,       α   11    , and total pulse intensity. The Hickman theory assumed steady state pumps. Rickes et al. showed adiabatic population transfer by a time-varying, two-photon laser-induced Rabi frequency shift [17]. The time-dependent two-photon Bloch equations yield manifolds of pairs of coupled states E+ and E− with energies given by


    E   ±     t   =   ℏ   2     Δ   t   ±    Ω   2     t   +   Δ   2     t      ,  



(5)




where the detuning   Δ   t     is given by Equation (3), for time-dependent intensities. As the peak frequency separation is not detuned and kept at   δ ω   = 0, we assume the detuning of instantaneous frequency separation with time delay gives the time-dependent phase term in Equation (3). The difference in energy of E+ and E− is then the time-dependent generalized Rabi frequency     Ω   ′     given in Equation (1).



In Figure 2, we depict the time-varying shifted energy levels of E+ and E− for three different time delays between the pump pulses. The durations of these demonstration pulses are slightly different so they both can be depicted for all three cases. We use arbitrary values of the polarizabilities for this depiction to demonstrate the different effects of the pump frequency detuning, the Stark shift, and the Rabi frequency. In Figure 2a–c, the pump pulse lags the Stokes pulse by 0 fs, 333 fs, and 666 fs, respectively.



The energy levels are shifted by the total detuning and the Rabi frequency following Equation (5). The level shifts corresponding to the three time delays are depicted in Figure 2d–f. In Figure 2d, corresponding to the pump pulses timed together, the level splitting at early and late times is zero because the instantaneous frequency detuning is zero. The maximum shift for both levels occurs at the peak of the pulses due to the coincidence of the peak Stark shift and peak Rabi frequency shift. In Figure 2e,f, the Stokes pulse leads the pump pulse yielding a red-detuning of the instantaneous frequency separation. The total detuning is reduced by the Stark shift as the pulse intensity increases, causing a reduction in frequency separation of the levels as shown in Figure 2e,f. With the larger time delay as shown in Figure 2c,f, the constant detuning caused by the pump delay increases, but the maximum Stark shift is lower and the peak Rabi frequency is significantly reduced.



The work reported here demonstrates that the red-shifted spectral peak observed in transient MRG spectra has a spectral chirp that matches what would be expected from linear Raman scattering between manifolds of time-varying two-photon Stark-shifted states. The Hickman theory only allows for a closed system, with all the interactions coming from the third order, nonlinear process at the Raman frequency. This theory then does not account for the frequencies that could come from linear Raman scattering occurring between the lower energy state of one manifold and the higher energy state of another as depicted in Figure 3. In Figure 3a, we show the linear Raman process for the unshifted states having the same Raman frequency as the nonlinear Raman signal. Also shown in Figure 3a are the Rabi frequency shifts of the molecular levels for the case of constant pump fields. In Figure 3b,c, we show that if we assume that initially the population is in one state, which would be the E− state for red-detuned pumps, then the linear Raman process could lead to two Stokes frequencies being generated between the dressed states.



For the time-varying coupled states, the frequency difference between the two Stokes pulses also then varies in time. In Figure 3b, we show the Raman scattering between the shifted levels when the pump pulses overlap temporally. The pump pulse is depicted by a black arrow and population is pumped from the lower E− level to a virtual level. The usual Stokes signal given by a shift of the Raman frequency is depicted by the green arrow and moves the population to the higher E− level. The red-shifted Stokes pulse is depicted by a red arrow and takes the population to the higher E+ level.



For the case of timed pump pulses, there are no shifts at early and late times. The arrows depict the maximum shift in frequency for the two Stokes pulses. Three different times during the pumping time are depicted in Figure 3c, for the case of time-delayed pump pulses. The frequency of the usual Stokes pulse, given by the scattering between the E− states, is constant and shifted from the pump frequency by the Raman frequency. We will therefore refer to this pulse as the Raman pulse. However, the second Stokes pulse will have a time-varying frequency with the maximum frequency difference between the two Stokes pulses occurring at the center time between the two pulses. We will refer to this pulse as the red-shifted pulse. In this case, due to the Stark shift, the frequency difference between the Raman pulse and the red-shifted pulse can be reduced from the frequency shift that caused by pump detuning. The frequency separation will again increase at the center because of the Rabi frequency shift. We only show the Stokes order being produced. This would imply that the red-shifted frequency observed on the first anti-Stokes comes from the red-shifted Stokes pulse pumped by the second anti-Stokes. We could have also shown linear anti-Stokes being generated if the pump pulse started on the upper manifold of states, causing two anti-Stokes pulses from transitions to either E+ or E− on the lower manifold. We cannot tell from our measurements which of these two linear processes is the dominant process.



In Figure 4, we plot the modeled chirps of the two Stokes pulses for the case depicted in Figure 3c. For this example, the Raman pulse has the same linear chirp as the pump pulse, and the red-shifted pulse has the same linear chirp with the addition of the time-dependent frequency shift from the generalized Rabi frequency. Far from the peak of the pulse, the red-shifted pulse has the same linear chirp that would result from 4-wave mixing of the two pump pulses.




4. Comparison of Experimental and Numerically Modeled Spectrograms


To compare with the experimentally measured FROG spectrograms of the first anti-Stokes order, we derived numerical spectrograms constructed from the model, where the first anti-Stokes order comprised two pulses generated through Raman scattering between the different dressed states as depicted in Figure 3. We refer to the first pulse as the Raman pulse and the second pulse as the red-shifted pulse. We assumed that the fields, E1 and E2, of both pulses were Gaussian. Adding the two pulses together with an amplitude ratio   α  , and phases     ϕ   1     and     ϕ   2    , we can obtain the total electric field,


  E   t   =   E   1       T   1   ,   ω   1   ,   ϕ   1   , t   + α   E   2       T   2   ,   ω   1   ,   ϕ   2   , t   ,  



(6)




where     T   1     and     T   2     are the pulse durations,     ω   1     is the central frequency of the Raman field, E1. We are assuming that the Raman pulse is given by the pump pulse with the frequency shifted by the Raman frequency. Therefore, the phase     ϕ   1     of the Raman pulse is taken to be the phase of the pump pulse. We also ensure that the phase at the peak of the Raman pulse is 0 so that we can impose a known phase difference between the two pulses. The phase     ϕ   2     is given by the summation of the phase     ϕ   1    , the phase given by the time integral of the time-dependent generalized Rabi frequency shift, described in Equation (1), and a constant phase difference.



We allowed there to be a constant phase shift of approximately π, added to the second pulse. In our initial attempts to model the spectrogram, we used a simpler two-pulse model, where the second pulse could have a different central frequency and we added a third-order phase to allow the central frequency separation to be larger from the peak intensity and we studied the case with maximum red-shifting. We allowed the two pulses to have different peak times and we noted that the optimized double pulse had a red-shifted pulse followed by the Raman pulse. The delay between the two pulses was about 1 ps and dispersion could not account for the red pulse coming ahead of the Raman pulse. Also, assuming that the Raman pulse would be timed to the pump pulses, we realized that this solution having a pulse appear before the pump pulse was unphysical. The appearance of a red pulse ahead of a blue pulse was most likely the result of two overlapping positively chirped pulses with a near π phase shift between them. With a π phase shift, a node would appear at the center of the combination of two pulses, with the red front half of the pulses appearing ahead of the trailing combined blue parts of the chirped pulses.



Upon closer examination, we concluded that the appearance of a red pulse preceding a blue pulse was likely a consequence of two overlapping positively chirped pulses with an almost π phase shift between them. With a π phase shift, a node formed at the center of the combined pulses, causing the red front half of the pulses to appear ahead of the trailing combined blue portions of the chirped pulses. This intriguing behavior shed light on the complex interplay of phase shifts and chirp effects in our experimental setup. The amplitude ratio between Stark shift and Rabi frequency depends on the polarizabilities,     α   12    ,     α   11    , and     α   22     as shown in Equations (2)–(4). In our experiment, the Raman medium is SF6, which has calculated values for     α   12    ,     α   11    , and     α   22     of 1.65456 × 10−31 m3, 1.64378 × 10−31 m3, and 1.66841 × 10−31 m3, respectively. With these values, we can determine that the amplitude ratio between the Stark shift and Rabi frequency is approximately 1:60. Hence, the Rabi frequency dominates the Stark shifting in SF6.



For the calculation of the intensity-dependent generalized Rabi frequency term, we assumed the pump pulses have Gaussian shape, with the experimentally measured pulse duration. The beam area was given by the diameter of the hollow fiber, which was 150 µm. We measured the energy before the hollow fiber and performed the experiments at three average energies of 1.2 mJ, 1.7 mJ, and 2.2 mJ. We also measured that ~30% of the light was transmitted through the fiber, with most of the loss coming from fiber coupling losses and Fresnel losses at both cell windows. In the model, we used the average energy before the fiber and used a variable energy coefficient to account for the losses and energy jitter of the laser.



To minimize the error between the experimental and modeled spectrograms, several of the variables were iterated. Within the generalized Rabi frequency term, we allowed the pump energy and time delay between pulses to vary around the average experimental values. This accounts for the experimental jitter of the laser in energy and time delay. In addition to these variables, we iterated the values of pulse durations T1 and T2, the amplitude ratio of the two fields, and the constant phase shift between the pulses. We compared the error with that given by the standard second harmonic FROG iteration and obtained comparable errors to the double-pulse model, even though we limited the profiles of both pulses to be Gaussian in the simulation.



We initiated our analysis by comparing the model’s predictions to experimental results obtained at a pump pulse delay of 333 fs, which corresponds to the point where the maximum number of Raman orders is generated. In this specific experimental run, we acquired three spectrograms for each energy setting. Notably, for the total pump energy of 2.2 mJ, one of the three spectrograms exhibited distinct characteristics compared to the other two. Strikingly, it closely resembled the spectrogram observed when the pump pulses were temporally synchronized. However, to obtain a result with minimal error for this spectrogram, the model required a significantly lower pump energy and a much smaller time delay between the pulses. We attribute this discrepancy to experimental timing and energy fluctuations, which can introduce variability into the measurements. For the other two pulse energies, the three measured spectrograms exhibited consistent patterns. The average FROG reconstruction errors across the three shots for the pump energies of 2.2 mJ, 1.7 mJ, and 1.2 mJ were 0.0059, 0.0058, and 0.0135, respectively.



To further gauge the accuracy of our model, we assessed the error between the double-pulse model predictions and the experimental spectrograms for the same three pulse energies. The resulting errors were 0.0064, 0.0056, and 0.0065, respectively. Throughout the nine shots, the average delay time was determined to be 357 fs, with a standard deviation of 72 fs. This standard deviation aligns with our experimental timing accuracy and jitter, reflecting the precision of our timing measurements.



Additionally, the average pump energy used in the model to calculate the generalized Rabi frequencies was found to be 0.52, 0.75, and 0.98 for the cases with pump energies of 1.2 mJ, 1.7 mJ, and 2.2 mJ, respectively. These model-predicted energies corresponded to approximately 43%, 44%, and 45% of the measured energies before the fiber. This alignment is reasonably consistent with the 30% measured energy output, with the understanding that some energy loss may occur at the exit window. Moreover, it is worth noting the presence of white light emitted along the length of the fiber, which means our measurements represent an average of the energy distributed along the fiber. This characteristic introduces an additional layer of complexity to our analysis, as we must consider this distributed energy when interpreting the results.



Shown in Figure 5 are the optimized, simulated chirps of the two pulses comprising the first-order anti-Stokes order, along with the simulated pulse profiles. Also shown are the experimental and simulated spectrograms. In Figure 5a–c, we show the results of one of the shots for experimental pump energy of 1.2, 1.7, and 2.2 mJ, respectively. The optimized simulated results in Figure 5a correspond to a pump energy of 0.52 mJ and a pulse delay of 414 fs. The Raman pulse had a duration of 884 fs and the red-shifted pulse had a duration of 1429 fs. The amplitude of the red-shifted shoulder was 100 times larger for this case. The phase difference was 3.12. The average results for the three sets of profiles gave a Raman pulse duration of 872 fs, a red-shifted pulse duration of 1356 fs, an amplitude ratio of 14 and phase difference of 3.14. The optimized simulated results in Figure 5b correspond to a pump energy of 0.76 mJ and a pulse delay of 359 fs. The Raman pulse had a duration of 848 fs and the red-shifted pulse had a duration of 1010 fs. The amplitude of the red-shifted shoulder was 4.2 times larger for this case. The phase difference was 2.76. The average profiles for the three spectrograms gave a Raman pulse duration of 831 fs, a red-shifted pulse duration of 1084 fs, an amplitude ratio of 5.3, and phase difference of 2.84. The optimized simulated results in Figure 5c correspond to a pump energy of 1.0 mJ and a pulse delay of 365 fs. The Raman pulse had a duration of 865 fs and the red-shifted pulse had a duration of 1485 fs. The amplitude of the red-shifted shoulder was 2.3 times larger for this case. The phase difference was 2.99.



As can be seen in Figure 5, the simulated spectrograms match well with the experimental measurements. The chirp of the Raman pulse is given as the chirp of the pump pulse that does not have a perfect linear chirp. It is worth noting that we first modeled the Raman as having a linear chirp that closely matched the pump chirp and that the red-shifted pulse chirp included the same linear chirp but the error between the model and the experiment was not as low as the FROG traces in many cases and so we decided to use the actual pump pulse chirp as measured by the FROG and we were able to reduce the error between the modeled and measured spectrograms.



In our second series of experiments, we aimed to investigate how the instantaneous frequency separation of the pump and Stokes pulses affected the spectrum of the first anti-Stokes order. Figure 6 illustrates the results of these investigations, featuring both simulation outcomes and experimental measurements. Specifically, we focused on three distinct time delays: 0 fs, 333 fs, and 666 fs, all conducted at the average pump energy of 2.2 mJ. For each time delay, we conducted 11 spectrogram measurements. The average errors from FROG reconstructions were as follows for the increasing time delays: 0.0094, 0.0082, and 0.0048, respectively. Meanwhile, the double-pulse model yielded errors of 0.0087, 0.0085, and 0.0054 for the same time delays.



Interestingly, the average simulated pump pulse energy across all 33 spectrograms taken during this entire run was 0.76 mJ, which corresponds to just 35% of the expected 2.2 mJ. This discrepancy suggests that coupling losses were likely higher during this experimental run. The simulated chirps, as displayed in Figure 6, indicated slight differences in pump pulse chirp compared to the energy scan experiment.



Across the three cases, the average time delays were approximately 58 ± 18 fs, 345 ± 8 fs, and 709 ± 43 fs. The average durations of the Raman pulses closely matched the experimental pump duration, measuring 780 fs for each case. Regarding the red-shifted pulses, their average durations were found to be 1340 fs, 1018 fs, and 1375 fs, respectively, all exceeding the duration of the Raman pulses. The amplitude ratios between the red-shifted and Raman pulses averaged at 0.83 ± 0.20, 1.40 ± 0.70, and 5.50 ± 2.70 for the increasing time delays. Additionally, the average phase differences between these pulses were 0.43 ± 0.25, 4.10 ± 0.90, and 6.22 ± 0.29, respectively.



Figure 6a shows the results for a case with nominally timed pump pulses. For the depicted case, the optimized simulate results gave a pump energy of 0.75 mJ with a delay of 19 fs. The Raman pulse had a duration of 795 fs and the shifted pulse had a duration of 1389 fs. The amplitude of the red-shifted pulse was 0.86 compared to the Raman pulse. The phase difference between the pulses was 0.67. Figure 6a shows the results for a case with nominally timed pump pulses. For the depicted case, the optimized simulated results gave a pump energy of 0.75 mJ with a delay of 19 fs. The Raman pulse had a duration of 795 fs and the shifted pulse had a duration of 1389 fs. The amplitude of the red-shifted pulse was 0.86 compared to the Raman pulse. The phase difference between the pulses was 0.67.



Figure 6b displays the results having a pump energy of 0.74 mJ with a delay of 343 fs. The Raman and shifted pulses had durations of 768 fs and 981 fs, respectively. The amplitude of the red-shifted pulse was 1.6 times larger than that of the Raman pulse. The phase difference between the pulses was 4.26. The result for the longest time delay is shown in Figure 6b. For this shot, the pump delay was determined to be 683 fs mJ and the pump energy was 0.74 mJ. The Raman and shifted pulses had durations of 818 fs and 1182 fs, respectively. The amplitude of the red-shifted pulse was 5.6 times that of the Raman pulse and the phase difference between the pulses was 0.43.




5. Discussion


As discussed in the Introduction, a second harmonic FROG iteration program does not give unique results for complicated electric fields. We were not able to obtain consistent FROG results for the different shots with the same experimental conditions and so we looked for a different method to glean the electric field from the measured spectrograms. We first tried simple double-pulse models that had the Raman pulse with a simple linear chirp and the shifted pulse having a central frequency shifted by some amount and third-order phase to account for a time-varying frequency separation. This gave unphysical results. We then used the theoretical model for the generalized two-photon Rabi frequency-shifted dressed states, included in the theory describing MRG. We looked to see if the complicated measured spectrograms would give more consistent results, if we assumed one of the pulses came from the normal Raman scattering process and a second pulse was generated through Raman scattering between the phased and anti-phased dressed states. This model did indeed give more consistent results for each of the experimental conditions and the changes in the red-shifted pulse corresponded to what would be expected with the model.



As can be seen in the plots of pulse chirps shown in Figure 5, with increasing pump energy, there is an increasing dip in the frequency of the red-shifted shoulder at half the pump pulse delay, corresponding to the time of the maximum generalized Rabi frequency. The pump energy derived in the model for the three different energy cases varied by the same ratios as the experimental values. The simulated pump energy was 0.44 of the energy measured before the pressure cell containing the hollow fiber and so this value is very close to the experimental value. The average time delay across all nine shots for this run was 357 ± 72 fs which falls within the experimental accuracy and jitter levels.



The results shown in Figure 6 show that the frequency difference between the pulses near the peaks of the pulses at time zero does not change much as the pulse delay increases. Rather, the shape of the frequency chirp of the red-shifted pulse changes significantly. For the timed case, shown in Figure 6a, the optimized numerical result shows that the two pulses are overlapped spectrally until the intensity of the pulses becomes significant. This is expected from the model, as there is zero total detuning at the edges of the pulse because the pump pulses are resonant with the Raman transition and the generalized Rabi frequency would be zero. We also see the maximum dip in frequency in the red-shifted pulse at the center for the timed case as expected, because both the Stark shift and the on-axis Rabi shift are maximized in this case where the two pump pulses coincide. It can be seen in Figure 6, with increasing time delay, that the frequency shift between the pulses at early and late times increases with increasing delay between the pump pulses and the frequency dip both decreases and occurs further from the peak of the pulses. At the longest time delay shown in Figure 6c, the two pulses resemble what would be seen if the second pulse came simply from four-wave mixing as the overlap of the two pulses is small, resulting in low Rabi frequency shifts.



The simulated results show good agreement between the simulation and the experimental results and so indicate that the secondary pulses are indeed a result of Raman scattering between the dressed states. The simulations also give pulse profiles and phase differences between the pulses that we cannot yet address with the theory of Raman scattering between different dressed states. We have not carried out a theoretical calculation that could elucidate a possible p phase shift. We expect it could be a result of the Raman pulse being caused by scattering between like states and the red-shifted pulse coming from scattering between phased and anti-phased states. We also do not yet have a theory that can account for the effects of propagation resulting in further conversion from the first anti-Stokes to higher-order anti-Stokes as well as conversion to Stokes orders. We expect this propagation to influence the pulse profiles. The propagation would also affect the phase between the two pulses because they have different central frequencies and so would propagate at different speeds because of dispersion.



In all six cases shown in Figure 5 and Figure 6, the Raman pulse duration matches the pump pulse duration. This would be expected for linear Raman scattering. However, the MRG process relies on nonlinear Raman scattering. The shifted shoulder is consistently longer in duration than the Raman pulse and, except for the timed case, is higher in amplitude than the Raman pulse. The higher amplitude of the red-shifted pulse with a time delay of 333 fs is consistent with the observations in our earlier work [10], which showed that the amplitude of the red-shifted peak grew with increasing anti-Stokes order until there was only the shoulder at the highest orders for this time delay between pump pulses. We expect that this is due to the pump pulse instantaneous frequency separation being on resonance with the dressed states for this delay time. This increase in amplitude of the red-shifted pulse with increasing order could account for the longer pulse duration of the red-shifted pulse because the nonlinear stimulated Raman scattering for this frequency separation would decrease the high-intensity peak more than the wings as the anti-Stokes pulse is converted to the next higher anti-Stokes through nonlinear Raman scattering.




6. Conclusions


Overall, the comparison between experimental and numerical results in this study has provided strong evidence for Raman scattering of resonant interactions between different dressed states in the generation of red-shifted spectra in multi-frequency Raman generation. The agreement between the experimental FROG spectrograms and the numerical simulations based on the two-photon Bloch equations highlights the significance of the two-photon Rabi frequency-shifted levels in this process. The double-pulse model offers a more comprehensive understanding of the phases associated with the Raman orders, holding the potential for significant improvements in our final pulse compression efforts. This newfound insight could enable us to attain cleaner, single-cycle pulses within the transient regime, a key step toward enhancing our experimental capabilities and achieving precise control over the generation of ultra-short pulses.



Moving forward, our next steps will involve investigating the spectra as a function of input pulse durations and fiber lengths. This investigation will allow us to gain a deeper understanding of the role of propagation in the observed phenomena. Furthermore, we are planning to expand our measurements to include the second anti-Stokes order. Analyzing the second anti-Stokes spectra will provide additional insights into the underlying dynamics and propagation effects. We are aware that our simple approach to optimizing the simulated model does not ensure that we reach the global minimum. In the future, we will use numerical optimization techniques that allow us to find the global minimum and possibly have more variables in the system. We will also look to compare our results with a theoretical model of the time-varying two-photon resonant process [18].
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Figure 1. Schematic diagram of the setup: M—mirror; G—grating; L—lens. 
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Figure 2. (a–c) The relative timing and pulse durations of the two pump pulses. (d–f) The energy levels resulting from the two-photon Bloch equations for the corresponding time delays shown above each figure. 
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Figure 3. (a) Linear Raman scattering diagram between regular Raman states. Also shown is the Rabi splitting of the levels to states E+ and E− for constant electric fields. The time-varying adiabatic energies (E+ and E−) are depicted in (b) with timed pulses and (c) for red-detuned pump pulses. In each case, the linear Raman process is depicted by a black arrow showing the absorption of the pump pulse, a green arrow, (1), depicting the regular Raman pulse, and red arrows, (2), showing the time-dependent, shifted frequency, respectively. 
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Figure 4. The blue line is the instantaneous frequency of the Raman pulse. The orange line is the instantaneous frequency of the red-shifted pulse. 
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Figure 5. Upper left: the instantaneous frequency of the Raman pulse and red-shifted pulse with different energy, lower left: the amplitudes; upper right: simulation, lower right: experimental data. (a) 1.2 mJ, (b) 1.7 mJ, (c) 2.2 mJ. 
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Figure 6. Upper left: instantaneous frequency of the Raman pulse and red-shifted pulse with different energy, lower left: pulse profiles; upper right: simulated spectrogram, lower right: experimental spectrogram. (a) Timed case; (b) 1/3 ps red-detuned case; (c) 2/3 ps red-detuned case. 
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